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INTRODUCTION

The Río de la Plata estuary, situated between
Argentina and Uruguay, covers an area of approxi-
mately 38 800 km2 and drains the second largest basin
of South America. This system entails a highly produc-
tive area, sustaining valuable fisheries of Uruguay,
Argentina, and international fleets (Bisbal 1995, Mar-
tinez & Retta 2001, Acha et al. 2008). The Río de la
Plata also constitutes the main point source of freshwa-

ter in the South Atlantic (Boltovskoy et al. 1999). This
area is particularly relevant for the global carbon bud-
get, acting as a CO2 sink, especially during spring and
summer (Feely et al. 2001, Bianchi et al. 2005).

In spite of its key significance, there is still very lim-
ited understanding of basic ecological aspects of the
different plankton components of the Río de la Plata,
and previous studies have been focused mainly on the
phytoplankton assemblage (Carreto et al. 2003, Cal-
liari et al. 2009). The complex dynamic nature of estu-

© Inter-Research 2010 · www.int-res.com*Email: calonso@iibce.edu.uy

Multilevel analysis of the bacterial diversity
along the environmental gradient 

Río de la Plata–South Atlantic Ocean

Cecilia Alonso1,*, Paola Gómez-Pereira2, Alban Ramette2, Leonardo Ortega3, 
Bernhard M. Fuchs2, Rudolf Amann2

1Instituto de Investigaciones Biológicas Clemente Estable, Av. Italia 3318, CP 11600, Montevideo, Uruguay
2Max Planck Institute for Marine Microbiology, Celsiusstr. 1, 28359 Bremen, Germany

3Dirección Nacional de Recursos Acuáticos, Constituyente 1497, CP 11200, Montevideo, Uruguay

ABSTRACT: The Río de la Plata is the world’s largest estuary, draining the second largest basin of
South America. In spite of its key significance at the local and global scale, this is the first attempt
made so far to characterize the bacterial diversity of this system. We employed a suite of molecular
methods to analyze the bacterial diversity at different phylogenetic levels, both in terms of richness
and evenness, and we related these findings to physicochemical parameters. A clear environmental
gradient was observed with 3 distinctive zones (riverine, frontal, and marine). In turn, the bacterial
communities appeared highly diverse and strongly structured by the environment. A high number
(324) of different operational taxonomic units (OTUs) were identified by automated ribosomal inter-
genic spacer analysis (ARISA). The ARISA results suggested that the composition of bacterioplank-
ton communities was strongly related to physicochemical water characteristics, and that the bacterio-
plankton had little overlap with the bacterial assemblage of the sediments. Catalyzed reporter
deposition-fluorescence in situ hybridization (CARD-FISH) indicated that Betaproteobacteria and
Actinobacteria were more abundant in the riverine zone, whereas Gammaproteobacteria and Planc-
tomycetes preferred the marine waters. The relative abundance of Bacteroidetes peaked in the
frontal zone, and Alphaproteobacteria were numerically dominant throughout the estuary. The
analysis of about 300 almost full-length 16S rRNA gene sequences pointed to the existence of ubiq-
uitous phylotypes, but also suggested habitat preferences among certain groups. This first look into
the bacterial community of the Río de la Plata demonstrated marked diversity patterns, providing fur-
ther insights into the ecology of globally distributed groups of aquatic bacteria.

KEY WORDS:  Estuary · Bacteria · Río de la Plata · Diversity · FISH · ARISA · Cloning

Resale or republication not permitted without written consent of the publisher



Aquat Microb Ecol 61: 57–72, 2010

arine systems represents a challenge for the study of
planktonic communities, but at the same time provides
a unique scenario to analyze microbial populations
experiencing very different environmental conditions,
in a relatively small area.

A number of authors have analyzed the changes in
bacterial community composition (BCC) in transitional
aquatic environments employing molecular tech-
niques. In their pioneer work Crump et al. (1999) used
16S rRNA gene clone libraries to characterize micro-
bial communities from freshwater and marine portions
of the Columbia River estuary. Since then, several
researchers have employed fingerprinting methods,
predominantly denaturing gradient gel electrophore-
sis (DGGE), to obtain patterns of BCC in different estu-
arine systems (e.g. Murray et al. 1996, Hollibaugh et al.
2000, Troussellier et al. 2002, Crump et al. 2004). More
recently, Hewson & Fuhrman (2004) used automated
ribosomal intergenic spacer analysis (ARISA) to study
the diversity of the microbial communities at Moreton
Bay, Australia. Fluorescence in situ hybridization
(FISH) has also been employed to determine the abun-
dance of major bacterial groups in a number of estuar-
ies (Bouvier & del Giorgio 2002, Cottrell & Kirchman
2003, Zhang et al. 2006).

Although these studies have provided clear insights
into the microbial ecology of transitional environments,
there is still an obvious need for data on subtropical sys-
tems; so far only 2 such systems have been targeted
(Hewson & Fuhrman 2004, Zhang et al. 2006). In addi-
tion, there are very few examples of studies in aquatic
microbial ecology combining the 3 methodological ap-
proaches mentioned above (Anton et al. 2000, Watan-
abe et al. 2000, Simek et al. 2001, Alonso-Sáez et al.
2007). This strategy is desirable: there is still a need to
address variations in BCC at different phylogenetic lev-
els and to link this information with appropriate envi-
ronmental parameters, in order to gain deeper under-
standing of the ecology of aquatic bacteria.

Although a few eco-physiological aspects
appear to be well established (e.g. negative
correlation of natural abundances of
Betaproteobacteria and salinity) (Glöckner
et al. 1999, Bouvier & del Giorgio 2002),
there is still considerable lack of informa-
tion about the factors controlling the distrib-
ution of bacterial populations. Even the
most recent meta-analysis of 16S gene
sequences,which disentangled the effect of
salinity on BCC into salt composition and
salt concentration influence, stressed the
lack of contextual data and the strong sam-
pling bias towards northern temperate
regions as serious limitations for bio-geo-
graphical studies (Barberán & Casamayor

2010). Furthermore, the major phylogenetic groups
encompass members with quite different ecological
strategies (Alonso & Pernthaler 2006, Alonso-Saez &
Gasol 2007), particularly in habitats characterized by
sharp environmental transitions (Alonso et al. 2009).

The aim of the present study was to employ a suite of
molecular methods to analyze the bacterial diversity
along a transect in a subtropical estuary, and to relate
diversity and community composition patterns to envi-
ronmental data.

MATERIALS AND METHODS

Study area. The Río de la Plata is a large-scale estu-
ary characterized by a salt-wedge regime, a low tidal
amplitude (<1 m), a broad and permanent connection
to the sea, and high susceptibility to atmospheric forc-
ing due to its large extension and shallow water depth
(Acha et al. 2008 and references therein). The position
of the turbidity maximum is highly variable according
to tide, river discharge, and wind (Framiñan & Brown
1996). The resulting outflow is on average 22 000 m3 s–1

(Framiñan & Brown 1996), showing seasonal variabil-
ity with maxima in March–June and September–Octo-
ber, and a minimum in December–March (Guerrero et
al. 1997, Nagy et al. 2002).

Sampling. The cruise ARTEMISA1 was carried out
during late austral summer (March) 2008 onboard RV
‘Aldebaran’ (DINARA). A transect of 80 nautical miles
(ca. 150 km) with 9 sampling stations (S3 to S11) was
followed along the salinity gradient occurring in the
outer region of the Río de la Plata; the distance
between stations was 10 nautical miles (Fig. 1). The
bottom depth covered a range from a minimum of 5 m
to a maximum of 30 m.

At each station, a CTD cast (SBE-19) profiled the
water column from the surface to the bottom. Accord-
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Fig. 1. Transect of the ARTEMISA1 cruise indicating sampling stations
(3 to 11)
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ing to the CTD data, 6 stations were chosen for sam-
pling bacterial communities. Surface water samples
were taken using a bucket; sub-surface water samples
were taken with Niskin bottles. All sampling devices
were acid-washed and seawater-rinsed prior to use. A
Smith-McIntyre bottom grab sampler was used for
sampling sediment.

Physicochemical characterization. Water samples
were filtered through glass fiber filters (Whatman
GF/F, 47 mm) to assess total chlorophyll a (chl a) and
suspended particulate matter. Filters were stored dried
and frozen for subsequent analysis in the laboratory.
Chlorophyll was extracted with 90% acetone and ana-
lyzed with a Shimadzu UV–2101 PC, UV-VIS scanning
spectrophotometer. Chl a concentration was calculated
according to Jeffrey & Humphrey (1975) with correc-
tion for phaeopigments (Lorenzen 1967). Suspended
particulate matter was estimated by the gravimetric
method of the particulate material (Strickland & Par-
sons 1972).

Water samples for dissolved nutrient analysis were
filtered through a Whatman GF/C glass fiber filter.
Inorganic nutrient concentrations measured at each
station included total nitrogen (TN) and total phospho-
rus (TP) (Valderrama 1981), and dissolved fractions of
nitrite (Strickland & Parsons 1972), nitrate (Eaton et al.
2005), ammonium (Koroleff 1976), and soluble reactive
phosphorus (SRP) (Murphy & Riley 1962). Nutrient
concentrations were determined colorimetrically
employing a Shimadzu UV–2101 PC, UV-VIS scanning
spectrophotometer.

Sample collection for determination of in situ abun-
dance of different bacterial populations. Water sam-
ples were fixed with freshly prepared buffered
paraformaldehyde solution (PFA) at a final concentra-
tion of 1% for 24 h. Portions of 10 ml were then filtered
through polycarbonate filters (type GTTP, 0.2 µm pore
size, 47 mm diameter; Millipore). The filters were
rinsed twice with sterile phosphate buffered saline
(PBS) and stored at –20°C until further analysis.

DNA collection and extraction. Ten liters of the
water sample from each station were pre-filtered
through 50 µm and 10 µm and then filtered onto cellu-
lose acetate filters (142 mm diameter, 0.2 µm pore size;
Sartorius). Filters were stored at –20°C until further
processing. For sediment samples, the first centimeter
layer was collected using a sterile Petri dish, and the
DNA extraction was performed from a 10 g sub-sam-
ple. DNA was extracted following the protocol by Zhou
et al. (1996).

Genetic fingerprinting of bacterial communities.
The standard ARISA protocol by Ramette (2009) was
applied. For the amplification of the intergenic spacer
the forward universal primer ITSF and the eubacterial
ITSReub reverse primer were employed (Cardinale et

al. 2004). The reverse primer was labeled with the
phosphoramidite dye HEX. PCR conditions, purifica-
tion, and sample preparation prior to submitting to
capillary electrophoresis were done as described pre-
viously (Ramette 2009). The electropherograms ob-
tained from fragment analysis were examined with
GeneMapper software v. 3.7 (Applied Biosystems).
The output tables from GeneMapper were analyzed
using custom R binning scripts (Ramette 2009). Tripli-
cates samples were analyzed for replicated fragments.
Further analysis was based on the fragments that
appeared in at least 2 of the replicates, generating an
average profile for each sample.

Cluster analysis was performed using relative fluo-
rescence intensity (RFI) data. The similarity matrix
between samples was calculated with the Bray-Curtis
coefficient and the group average was used as the link-
age algorithm. Significance of the grouping in the clus-
ter analysis was tested using similarity profile permu-
tation test (SIMPROF) at 99% significance level.
SIMPROF tests for statistically significant evidence of
genuine clusters in an a priori unstructured set of
samples (Clarke et al. 2008). Analysis was performed
with the software Primer v. 6 (version 6.1.5, Primer-E)
(Clarke & Gorley 2006).

Construction of clone libraries. Almost complete
bacterial 16S rRNA genes were amplified via PCR
using the primers 27f-YM (Frank et al. 2008) and 1492-
GM4R (Muyzer et al. 1995). PCR products were puri-
fied using the QIAquick PCR purification kit (Qiagen)
and cloned using the pGEM®-T easy system (Invitro-
gen). Competent Escherichia coli cells (house-made)
were transformed and plated on Luria-Bertani (LB)
agar plates containing 50 µg ml–1 of ampicillin. Single
colonies were transferred into microtiter plates (MTP)
containing ampicillin-amended LB medium (50 µg
ml–1) and cultivated overnight at 37°C. Glycerol (12%
final concentration) was added to each well, and the
MTPs were stored at –20°C until further processing.

Sequencing. Plasmids were isolated from clones
with Montage plasmid MiniPrep96 kit (Millipore), and
50 to 100 ng of template was used per sequencing
reaction. Sequencing reactions were performed using
ABI BigDye® chemistry and an ABI 3100 genetic ana-
lyzer (Applied Biosystems) according to the manu-
facturer’s instructions. M13F and M13R primers were
used to obtain 298 gene sequences of 16S rRNA. Par-
tial sequences were assembled and manually cor-
rected using the software Sequencher (Gene Codes).
Chimeric sequences were identified using the Mallard
and Pintail programs (Ashelford et al. 2006) and 5
sequences were thus removed. The 16S rRNA gene
sequences produced during the present study were
deposited in GenBank under accession numbers
GU230187 to GU230468.
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Phylogenetic reconstructions. Phylogenetic analy-
ses were performed using the ARB software package
(Ludwig et al. 2004). The sequences were automati-
cally pre-aligned using the SILVA tool Aligner
(www.arb-silva.de) (Pruesse et al. 2007). Alignments
were subsequently improved manually considering
the secondary structure of the rRNA molecule. Tree
reconstruction was done with the maximum likelihood
algorithm RaxML (Stamatakis 2006) on various subsets
of the complete data set.

Population analysis by CARD-FISH. The percent-
ages of different microbial taxa in the water samples
were determined by FISH with horseradish peroxidase-
labeled oligonucleotide probes and catalyzed reporter
deposition (CARD-FISH) (Pernthaler et al. 2002). The
following probes were used to characterize the micro-
bial community: EUB338 I-III (most Bacteria) (Daims et
al. 1999), ALF968 (most Alphaproteobacteria) (Neef
1997), BET42a (most Betaproteobacteria) (Manz et al.
1992), GAM42a (most Gammaproteobacteria) (Manz et
al. 1992), CF319a (many groups of Bacteroidetes)
(Manz et al. 1996), HGC69a (most Actinobacteria)
(Roller et al. 1994), PLA46 most Planctomycetes (Neef
et al. 1998), SAR11-441 (members of the alphapro-
teobacterial SAR11 clade) (Morris et al. 2002), ROS537
(members of the alphaproteobacterial Roseobacter-
Sulfitobacter-Silicibacter clade) (Eilers et al. 2001),
NOR5-730 (members of the gammaproteobacterial
NOR5/OM60 clade) (Eilers et al. 2001), SAR86-1245
(members of the gammaproteobacterial SAR86 clade)
(Eilers et al. 2000), POL740 (members of the genus Po-
laribacter of Bacteroidetes) (Malmstrom et al. 2007),
CF6-1267 (members of DE cluster 2 of the Flavobacteria
class of the phylum Bacteroidetes) (Kirchman et al.
2003), and VIS1-575 (uncultured marine VIS1 clade of
the Flavobacteria class of the phylum Bacteroidetes)
(Gomez-Pereira et al. 2010).

All probes were purchased from Biomers.net. Signal
amplification was performed with fluorescein isothio-
cyanate (FITC)-labeled tyramides (Molecular Probes).
CARD-FISH preparations were counterstained with
DAPI at a final concentration of 1 µg ml–1. DAPI- and
CARD-FISH-stained cells were counted manually,
achieving a minimum of 1000 cells filter–1.

Statistical analyses. ARISA profiles and CARD-FISH
abundance data sets were Hellinger-transformed prior
to applying linear multivariate methods (Legendre &
Gallagher 2001, Ramette 2007). To relate variation in
microbial data to variation in spatial and environmen-
tal parameters, redundancy analyses (RDA) were per-
formed on quantitative variables that were standard-
ized to unit variance and zero mean. Spatial co-
ordinates (latitude and longitude) were converted to
Cartesian spatial coordinates (x, y) using the R pack-
age gmt. A forward selection procedure was per-

formed to retain only the environmental variables that
significantly explained variation in bacterial data
(Legendre & Legendre 1998). Following this proce-
dure, the selected terms were then analyzed in concert
with the other contextual parameters using the R pack-
age vegan (http://cc.oulu.fi/~jarioksa/softhelp/vegan.
html).

RESULTS

The vertical distribution of temperature (Fig. 2A)
showed a seaward decrease (i.e. from Stns S3 to S11).
The highest temperatures, concomitant with a low
thermal stratification, were detected from Stns S3 to S7
(24.5 to 22.5°C, respectively). At Stns S8 to S11, lower
temperatures and higher stratification were found
(22°C at the surface and 17°C at the bottom of Stn S11).
The vertical distribution of salinity (Fig. 2B) presented
a steep seaward gradient. The lower salinity values (3)
were observed at the riverine Stn S3. The frontal zone
involved Stns S4, S5, and S6, where the steepest salin-
ity gradient was observed, as surface salinity increased
sharply from 3 to 29 at Stns S3 to S6. From Stn S7 on, a
practically homogeneous marine water column was
found.

The surface concentration of suspended particulate
matter showed a clear decline towards the Atlantic
Ocean, with Stn S3 exhibiting the highest concentra-
tion (5.4 mg l–1) (Fig. 2C). Organic matter, chl a, and
phaeopigments increased sharply from Stn S3 to a
maximum at Stn S5, and then decreased with the
oceanic influence (Fig. 2C). Chl a concentration
ranged from 0.03 µg l–1 at Stn S9 to 6.4 µg l–1 at Stn S5
(Fig. 2C).

In general, higher concentrations of most nutrients
were found in the riverine part (TN, TP, SRP, and nitrate).
Nutrient levels decreased towards the marine stations,
e.g. TN decreased from 290 to 130 µg l–1, and TP from 94
to 38 µg l–1 (Fig. 2D). Nevertheless, a local peak of nutri-
ents was found at Stn S5 at a depth of 8 m, where the
concentrations of TN and TP were the highest found
along the transect, 293 and 151 µg l–1, respectively. Am-
monium was undetectable along the whole transect,
with the exception of the surface water at Stn S9, where
ammonium concentration was 9 µg l–1 (Fig. 2D).

Bacterial diversity patterns along the environmental
gradient

A total of 324 different operational taxonomic units
(OTUs) were identified by ARISA (Fig. 3A). The high-
est number of amplicons (124) was found in the river-
ine surface water (Stn S3) (Fig. 3B). In contrast, the
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lowest number of amplicons (54) occurred in the sedi-
ment sample of the same station (Fig. 3B). Around 50%
of the obtained OTUs were present in 2 of the 3 zones
of the gradient (riverine, frontal, and marine), whereas
58 OTUs were present in all 3 zones (Fig. 3A). The
highest number of OTUs (239) was retrieved from the
frontal zone stations; most of these amplicons were
also obtained either from the riverine and/or the
marine samples (Fig. 3A). Several OTUs were distinct
to habitats: the number of unique OTUs per habitat
was 19 (riverine), 46 (frontal zone), and 28 (marine)
(Fig. 3A). The OTU with the highest RFI value in the
frontal zone (an amplicon of a length of approximately
300 bp) was also present in the marine zone (data not
shown). In the marine and riverine samples, fragments
with highest RFIs had amplicon lengths of 334 and
218 bp, respectively, and none of them was habitat-
exclusive (data not shown).

Although each sample displayed a unique commu-
nity fingerprint, a series of diversity patterns was
revealed, both in the longitudinal and in the depth
dimensions. The sediment samples were more similar
to each other than to the water samples of the corre-
sponding stations (Fig. 3B). The sediment communities
appeared relatively similar to the water column assem-
blage from the riverine Stn S3 (Fig. 3B). Although
water samples from the surface and 4 m depth of
Stn S3 clustered together, they exhibited lower similar-
ity indexes than comparable samples taken at the
marine stations (Fig. 3B). All water samples from fully
marine stations (S9 to S11) clustered closely together,
and depth was not a decisive factor for the clustering
(Fig. 3B). For example, the water sample from Stn S9
taken at 15 m depth had a similarity Bray-Curtis index
of 0.74 with the surface water from Stn S11 (Fig. 3B).
The marine stations shared more OTUs between them,
at any depth, than with any other sample (Fig. 3B). In
contrast, in the frontal zone samples clustered accord-
ing to depth rather than to station, i.e. water samples
from Stn S5 at 4 and 8 m depth were more closely
related to the marine samples than with the surface
water at the same station (Fig. 3B). Interestingly, the
surface sample of the center of the frontal zone was
clearly distinct from all other samples (Fig. 3B).

BCC as revealed by FISH and clone libraries

Average cell detection with the EUB338 I-III probe
was 77.8% (SD = 8.7%; n = 11) of all DAPI-stained
objects. Bacterial abundance was higher in the river-
ine and frontal zones compared to the marine portion
of the transect (Fig. 4). The sum of counts with the
probes targeting the main bacterial groups (Alpha-
proteobacteria, Betaproteobacteria, Gammaproteo-

bacteria, Bacteroidetes, Actinobacteria, and Plancto-
mycetes) generally accounted for virtually all bacter-
ial cells (Fig. 4).

Alphaproteobacteria dominated the community in
all water samples, representing between 36 and 57%
of all bacterial cells (Fig. 4). Accordingly, most of the
sequences retrieved from the water column libraries
belonged to members of this group (Fig. 5). Virtually
all Alphaproteobacteria cells in the Río de la Plata
estuary could be assigned to either the SAR11 or the
Roseobacter clades by probes SAR11-441 and ROS537,
respectively (Fig. 4).

Most of the alphaproteobacterial sequences retrieved
were affiliated to SAR11 (Fig. 5A), and the majority of
them were targeted by the SAR11-441 probe. All
Roseobacter-related sequences recovered in the 3 surface
water libraries were targeted by probe ROS537. Beside
these 2 main alphaproteobacterial clades, a few se-
quences related to the order Rickettsiales were also re-
trieved from the water column and the sediment (Fig. 5A).

Identical SAR11 16S rRNA gene sequences were re-
covered in all 3 surface water libraries (e.g. 17 sequences
represented by GU230214 from the marine station,
GU230205 from the riverine station, and GU230204 from
the frontal zone) (Fig. 5A). Other sequence types were
only present in the riverine and frontal zone (e.g. 12 se-
quences represented by GU230226 and GU230225)
(Fig. 5A). Finally, clusters of SAR11-related sequences
were exclusively recovered from the marine library (e.g.
12 sequences represented by GU230240) (Fig. 5A). The
sequences affiliated to Roseobacter were few, but a
phylotype differentiation between the riverine/frontal
zone (GU-230200/230284) and the marine sample
(GU230201; GU230194) was apparent (Fig. 5A).

Bacteroidetes was the second most abundant group.
Cells hybridizing with probe CF319a constituted on
average 23% of all bacteria (Fig. 4). Members of this
group were particularly abundant at Stns S4 and S5
(Fig. 4). In the very center of the frontal zone (Stn S5),
Bacteroidetes accounted for about one third of all bac-
teria. Their abundance decreased towards the marine
and the riverine stations (Fig. 4).

The specific probes POL740, CF6-1267, and VIS1-
575, targeting different groups of Flavobacteria, ac-
counted on average for one third of the cells targeted
by CF319a (Fig.4). Among them, Polaribacter spp. cells
targeted by POL740 were the most abundant ones,
particularly in the riverine and frontal zones, and their
abundance decreased with depth (Fig. 4). Abundance
of the flavobacterial clade targeted by VIS1-575 was
higher in the frontal and marine zones, and for a given
station increased with depth (Fig. 4). CF6-1267-
targeted cells were the least abundant of the Bac-
teroidetes targeted groups and reached their maxi-
mum in the frontal zone (Fig. 4).
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Fig. 4. Abundance of the main bacterial groups as determined by catalyzed reporter deposition-fluorescence in situ hybridization
(CARD-FISH). ‘Others’ indicates the difference in counts between the sum of the specific probes and the general probe used to
target a given bacterial clade. The target of each probe is detailed in ‘Materials and Methods’. See Fig. 2 for water sample details
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GU230214, uncultured alpha ARTE9_156 (7)
GU230205, uncultured alpha ARTE3_97 (4)
GU230204, uncultured alpha ARTE5_197 (6)
GU230215, uncultured alpha ARTE5_108 (2)
GU230216, uncultured alpha ARTE3_226
EU638843, uncultured Pelagibacter sp.

M63812, uncultured alpha proteobacterium
GU230240, uncultured alpha ARTE9_153 (12)
GU230220, uncultured alpha ARTE9_413 (2)

GU230226, uncultured alpha ARTE3_257 (6)
GU230225, uncultured alpha ARTE5_97 (6)
GU230228, uncultured alpha ARTE5_109

AAPV01000001, Candidatus Pelagibacter ubique HTCC1002
GU230231, uncultured alpha ARTE5_211

GU230233, uncultured alpha ARTE9_425 
GU230280, uncultured alpha ARTE5_232

GU230249, uncultured alpha ARTE9_414 
GU230246, uncultured alpha ARTE3_199 (5)
EF572808, uncultured bacterium

GU230248, uncultured alpha ARTE5_196 (4)
GU230255, uncultured alpha ARTE9_387 (2)

GU230268, uncultured alpha ARTE3_220
GU230252, uncultured alpha ARTE9_189 (3)

GU230254, uncultured alpha ARTE9_402
EU800103, uncultured bacterium
GU230195, uncultured alpha ARTE5_243 (4)
GU230197, uncultured alpha ARTE3_110 (4)

GU230288, uncultured alpha ARTE9_112
EU800751, uncultured bacterium

GU230286, uncultured alpha ARTE5_270
EU800396, uncultured bacterium

EU803616, uncultured bacterium
GU230191, uncultured alpha ARTE5_259 (2)

GU230260, uncultured alpha ARTE3_103 (2)
GU230259, uncultured alpha ARTE9_122

GU230258, uncultured alpha ARTE5_269 (2)
AACY023382402, marine metagenome

FJ155053, uncultured bacterium
DQ009271, uncultured marine bacterium

GU230192, uncultured alpha ARTE9_124
EU799363, uncultured bacterium

GU230187, uncultured alpha ARTE3_231
GU230261, uncultured alpha ARTE9Sed_285
AM176885, uncultured bacterium

EF572398, uncultured bacterium
GU230201, uncultured alpha ARTE9_164

GU230284, uncultured alpha ARTE5_257
GU230200, uncultured alpha ARTE3_279
DQ486502, Rhodobacteraceae bacterium DG1289
AY167260, Roseobacter sp. ANT9270

EF574110, uncultured bacterium
GU230194, uncultured alpha ARTE9_411 (2)
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FN433291, uncultured Flavobacteria bacterium Vis_St18_59
GU230414, uncultured Flavobacterium ARTE9_114 (2)
GU230415, uncultured Flavobacterium ARTE9_142 (3)
FN433433, uncultured Flavobacteria bacterium Vis_St18_7
GU230420, uncultured Flavobacterium ARTE3_234

GU230421, uncultured Flavobacterium ARTE9Sed_255 (2)
DQ334617, uncultured bacterium

FJ744859, uncultured Flavobacterium sp.
GU230408, uncultured Flavobacterium ARTE3_247

FN433377, uncultured Flavobacteria bacterium Vis_St3_50
FN433290, uncultured Flavobacteria bacterium Vis_St18_54
GU230407, uncultured Flavobacterium ARTE3_211

AM279185, uncultured Flavobacteria bacterium
GU230428, uncultured Flavobacterium ARTE9_181
GU230425, uncultured Flavobacterium ARTE3_275

GU230424, uncultured Flavobacterium ARTE3_196 (2)
AF170749, Aequorivita sublithincola

GU230411, uncultured Flavobacterium ARTE5_230
AY907774, uncultured bacterium

GU230412, uncultured Flavobacterium ARTE5_105 (2)
EF016485, uncultured Bacteroidetes bacterium

AM279203, uncultured Flavobacteria bacterium
GU230418, uncultured Flavobacterium ARTE9_186 (2)
EU638919, uncultured Flavobacteriales bacterium

AM279199, uncultured Flavobacteria bacterium
FJ745267, uncultured Flavobacterium sp.

GU230430, uncultured Flavobacterium ARTE5_101
GU230410, uncultured Flavobacterium ARTE5_245

AM279188, uncultured Sphingobacteria bacterium
GU230419, uncultured Flavobacterium ARTE9_115
AM279204, uncultured Bacteroidetes bacterium

DQ269109, uncultured Bacteroidetes bacterium
GU230422, uncultured Flavobacterium ARTE9Sed_243
GU230429, uncultured Flavobacterium ARTE9Sed_110
EF092220, uncultured Sphingobacteriales bacterium
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Fig. 5. Phylogenetic relationships of 16S rRNA gene sequences from Río de la Plata bacterioplankton for (A) Alphaproteobacteria,
(B) Bacteroidetes, and (C) Gammaproteobacteria. GenBank accession numbers are given for 1 representative per unique
sequence type. Numbers in parenthesis indicate the number of identical sequences retrieved per phylotype. Clones are named
according to their origin: riverine (ARTE3), frontal zone (ARTE5), marine water surface (ARTE9), and marine sediment

(ARTE9Sed). Horizontal bar below each tree: 10% of estimated sequence divergence
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GU230332, uncultured gamma ARTE5_104 (3)

GU230330, uncultured gamma ARTE3_193 (2)
GU230333, uncultured gamma ARTE9_125 (3)

GU230299, uncultured gamma ARTE9_432
GU230382, uncultured gamma ARTE3_106

AY386339, marine gamma proteobacterium HTCC2080
AACY020488468, marine metagenome

GU230297, uncultured gamma ARTE3_251
EU799235, uncultured bacterium
GU230375, uncultured gamma ARTE5_266 (2)
GU230329, uncultured gamma ARTE9_170 (2)
GU230345, uncultured gamma ARTE9Sed_210 (2)
GU230366, uncultured gamma ARTE9Sed_278

GU230359, uncultured gamma ARTE9Sed_107 (2)
AY354853, uncultured gamma proteobacterium

FJ203217, uncultured bacterium
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GU230296, uncultured gamma ARTE3_249
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DQ911547, proteobacterium symbiont of Osedax sp. MB4
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FJ876296, Acinetobacter sp. MSIC01
GU230305, uncultured gamma ARTE9_394

GU230304, uncultured gamma ARTE9_390 (9)
GU230306, uncultured gamma ARTE9_392

EU195940, Psychrobacter sp. P116
FJ745213, uncultured gamma proteobacterium

GU230323, uncultured gamma ARTE3_216
GU230322, uncultured gamma ARTE5_238

GU230315, uncultured gamma ARTE9_430 (3)
GU230311, uncultured gamma ARTE5_225 (4)

AF245642, uncultured gamma proteobacterium NAC11−19
GU230316, uncultured gamma ARTE3_264 (3)

GU230310, uncultured gamma ARTE3_101 (4)
GU230379, uncultured gamma ARTE9_190

GU230321, uncultured gamma ARTE5_205
GU230319, uncultured gamma ARTE3_263 (2)

EF471638, uncultured gamma proteobacterium
GU230325, uncultured gamma ARTE3_111
GU230324, uncultured gamma ARTE5_229

GU230295, uncultured gamma ARTE3_245 (2)
GU230368, uncultured gamma ARTE3_200

GU230300, uncultured gamma ARTE9_99
AY701467, uncultured gamma proteobacterium

GU230374, uncultured gamma ARTE5_253
GU230361, uncultured gamma ARTE9Sed_198

GU230336, uncultured gamma ARTE9Sed_202
GU230381, uncultured gamma ARTE9Sed_112
AJ240991, uncultured gamma proteobacterium Sva1046
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GU230341, uncultured gamma ARTE9Sed_253 (3)

GU230384, uncultured gamma ARTE9Sed_103
GU230340, uncultured gamma ARTE9Sed_252  (2)

GU230354, uncultured gamma ARTE9Sed_275 
GU230380, uncultured gamma ARTE9Sed_108
DQ351802, uncultured gamma proteobacterium

GU230348, uncultured gamma ARTE9Sed_235
GU230350, uncultured gamma ARTE9Sed_244

AJ298727, Nitrosococcus oceani
GU230353, uncultured gamma ARTE9Sed_270

FJ545485, uncultured bacterium
GU230357, uncultured gamma ARTE9Sed_230

GU230363, uncultured gamma ARTE9Sed_239
GU230358, uncultured gamma ARTE9Sed_102

GU230356, uncultured gamma ARTE9Sed_205
AM882564, uncultured gamma proteobacterium

GU230344, uncultured gamma ARTE9Sed_209
GU230383, uncultured gamma ARTE9_409
GU230301, uncultured gamma ARTE9_110

EU617743, uncultured bacterium
GU230346, uncultured gamma ARTE9Sed_227

GU230352, uncultured gamma ARTE9Sed_257
FJ712524, uncultured bacterium

GU230360, uncultured gamma ARTE9Sed_109
FM242466, uncultured gamma proteobacterium

GU230343, uncultured gamma ARTE9Sed_197
GU230364, uncultured gamma ARTE9Sed_271

GU230376, uncultured gamma ARTE5_267
FJ905691, uncultured bacterium

GU230347, uncultured gamma ARTE9Sed_229 (2)
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The majority of sequences retrieved from all stations
were affiliated to the class Flavobacteria; in addition,
members of Sphingobacteria were also identified
(Fig. 5B). All Bacteroidetes sequences retrieved were
characteristic of the different samples; none of them
was shared between libraries. Several of the
sequences obtained belonged to clusters previously
defined with phylotypes recovered from other coastal
(North Sea) or open-ocean (mid-Atlantic) sites
(Fig. 5B). None of the recovered sequences was tar-
geted by any of the specific probes used (POL740,
CF6-1267, and VIS1-575).

Gammaproteobacteria were generally the third
group in abundance. On average, they were 19% of all
bacterial cells, with the exception of Stn S9 where, de-
pending on the depth, they constituted 24 to 47% of all
cells (Fig.4).

Hybridizations with the probe SAR86-1245 showed
that members of SAR86 clade constituted on average
6% of Gammaproteobacteria (Fig. 4). Other ubiquitous
members of this class were members of the OM60/
NOR5 clade as detected by probe NOR5-730. They
represented on average 26% of Gammaproteobacte-
ria, being particularly abundant at Stn S5 at 4 m depth,
and at the surface of Stn S6 (Fig. 4).

Sequences targeted by the NOR5-730 and SAR86-
1245 probes were retrieved from all libraries. Gamma-
proteobacterial sequences accounted for about one
third of all sequences obtained. Most of the sequences
derived from the water column were affiliated to
Oceanospirillales and Alteromonadales (Fig. 5C).
Some of them were shared by all 3 surface-water
libraries, e.g. the OM60/NOR5-related cluster repre-
sented by the phylotypes GU230332, GU230330, and
GU230333. Also, sequences related to the SAR86 clade
were shared between all surface-water libraries (e.g.
cluster represented by GU230311, GU230315, and
GU230316) (Fig. 5C). Yet, sequences from both groups
were recovered exclusively from either the river
frontal zone or marine libraries (e.g. SAR86-related
members represented by GU230310 recovered from
the riverine library).

The analysis of the sequences retrieved from the
clone library at Stn S9 did not give strong hints about
the identity of the main contributors to the dispropor-
tionate gammaproteobacterial abundance at this sta-
tion. Various gammaproteobacterial sequences related
to OM60/NOR5, Oceanospirillales, Alteromonadales,
and the genera Acinetobacter and Psychrobacter were
exclusively found in the surface water of marine Stn S9
(Fig. 5C). However, hybridizations with available
probes targeting several groups of marine Gammapro-
teobacteria (some of them previously reported to
bloom in marine or coastal lagoon samples: Acine-
tobacter spp., Alteromonas spp., Pseudoalteromonas

spp., Oceanospirillum spp., Stenotrophomonas mal-
tophilia, and Vibrio spp.) did not yield any positive
result (data not shown).

Gammaproteobacterial sequences found in the sedi-
ment of Stn S9 were very diverse and always closely
related to sequences retrieved from sediment samples
from a variety of systems (e.g. Wadden Sea, Yellow
Sea, mid-Atlantic ridge) (Fig. 5C). Several of them
were affiliated to the marine benthic group, while
none of them was shared with the water column
(Fig. 5C).

Betaproteobacteria were minor components of the
community (<5% of all bacteria), except for the sur-
face-water samples at the stations with lower salinity,
where they accounted for 16 and 14% at Stns S3 and
S4, respectively (Fig. 4). Only 1 betaproteobacterial
sequence was retrieved, in the clone library from the
frontal zone, which affiliated with the genus Methy-
lophilus (data not shown).

Actinobacteria were highly abundant at low-salinity
sites (up to >20% of all bacteria in the surface water of
Stn S3) and showed a very sharp decrease towards
marine stations, where they represented around 1% of
all bacteria (Fig. 4).

Only a few actinobacterial sequences were retrieved
from the water samples of the riverine and frontal
zone stations and from the marine sediment samples.
Most of these sequences affiliated with uncultured
Acidimicrobiaceae and Microbacteriaceae previously
found in estuarine and marine habitats (Fig. S1A in
the supplement at www.int-res.com/articles/suppl/
a061p057_supp.pdf). The phylotypes retrieved from
the sediment and the water column formed clearly sep-
arated clusters (Fig. S1A). Within the water column
samples, 2 groups of sequences were identified, one
containing phylotypes derived from the riverine
sample, and a second one that included sequences
from the riverine and from the frontal zone samples
(Fig. S1A).

Planctomycetes were more abundant (up to 6%) at
the marine stations (Fig. 4). In the clone libraries, they
were represented by only 3 sequences retrieved from
the marine sediment sample; they were closely related
to sequences from uncultured Planctomycetes ob-
tained from marine sediments or soil (data not shown).

In marked contrast with the marine water sam-
ples, the marine sediment was characterized by the
virtual absence of Alphaproteobacteria and the
dominant retrieval of gammaproteobacterial and
deltaproteobacterial sequences (Fig. 5C; Fig. S1B).
Deltaproteobacterial sequences obtained from the
marine sediment were affiliated to Desulfobul-
baceae and Desulfobacteraceae, and to Halian-
giaceae. They were related to uncultured clades
previously found in aquatic sediments (Fig. S1B).
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Sequences affiliated to Acidobacteria were exclu-
sively recovered from the marine sediment sample
(Fig. S1C). All of them were closely related to
sequences from uncultured organisms recovered
from marine sediments (Fig. S1C).

DISCUSSION

Our methodological approach allowed for the
recovery of complementary information on the bacte-
rial diversity in the gradient Río de la Plata-South
Atlantic Ocean. ARISA yielded an overview of the
bacterial diversity at the different sites, guiding the
construction of clone libraries. These clone libraries,
together with the FISH evaluation, gave hints on the
identity and abundance of the individual groups
responsible for the global pattern of bacterial di-
versity in this environment. Altogether, the 3 tech-
niques provided a multilevel view on bacterial biodi-
versity ranging from phyla (FISH) to species (ARISA,
sequencing).

Water and sediment host separate bacterial
communities

The degree of similarity between the sediment sam-
ples and the water samples taken at the same stations
were very low for all 3 habitats, as indicated by the
Bray-Curtis similarity index (Fig. 3B). This pattern, ini-
tially derived from the ARISA results, was further con-
firmed by comparing the sequences retrieved at the
marine Stn S9 from the surface water
and the sediment (Fig. 5; Fig. S1). Alto-
gether, our findings suggest that
despite the shallowness of this system,
there is a marked niche specialization
of the bacterial groups inhabiting the
sediment and the water column, in
agreement with an earlier cross-sys-
tems analysis (Lozupone & Knight
2007). However, it should be taken into
account that the water samples in the
present study were pre-filtered
through a 10 µm filter previous to DNA
extraction, thus the microbial compo-
nents attached to larger particles were
not considered. A specific analysis of
the particle-attached bacteria could
potentially yield a different result with
respect to the diversity sharing
between sediment and water. This
could be especially expected in the
riverine shallower areas, where a rela-

tive similarity of the water samples and the sediments
was found (Fig. 3B).

Environmental structuring of bacterioplankton
communities

The bacterial community appeared strongly struc-
tured by the habitat characteristics on all levels of
diversity targeted in the present study. More specifi-
cally, the statistical analysis revealed that the BCC in
the water column was strongly related to environmen-
tal characteristics (Table 1). The geographical factors
appeared significant only for ARISA results, indicating
that the influence of geography over diversity could be
evidenced only at the lower phylogenetic levels (spe-
cies/strains) (Table 1). Among the environmental para-
meters, salinity and temperature were the main com-
ponents explaining the general observed patterns in
the bacterial diversity for both ARISA and CARD-FISH
results (Table 1), in agreement with the pioneer work
from Glöckner et al. (1999), and more recent meta-
analysis of 16S sequences (Lozupone & Knight 2007,
Barberán & Casamayor 2010).

Factors influencing bacterial groups abundance

Actinobacteria and Betaproteobacteria followed a
similar pattern in abundance (Fig. 4; Fig. S2 at www.
int-res.com/articles/suppl/a061p057_supp.pdf), sug-
gesting that these groups are affected by similar envi-
ronmental factors. Their highest numbers were found
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Factors ARISA CARD-FISH
F-ratio p F-ratio p

ENV + Space 2D 3.93 0.020* 4.40 0.004**
ENV + Space 3D 3.31 0.008** 4.83 0.005**
ENV 3.77 0.002** 7.97 0.001***
Space 3D 1.84 0.041* 2.87 0.030*
Space 2D 2.33 0.020* 3.56 0.012*
ENV removing space 3D 3.14 0.020* 4.09 0.012*
ENV removing space 2D 3.55 0.001*** 3.24 0.014*
Space 3D removing ENV 1.88 0.078 (ns) 1.58 0.178 (ns)
Space 2D removing ENV 2.36 0.020* 1.41 0.289 (ns)

Table 1. Effects of environment (ENV: salinity and temperature) and space (2D:
longitude and latitude, or 3D: longitude, latitude, and water depth) on bacterial
community structure and abundance. Redundancy analysis was applied to
Hellinger-transformed automated ribosomal intergenic spacer analysis (ARISA)
community data or to catalyzed reporter deposition-fluorescence in situ
hybridization (CARD-FISH)-based bacterial abundance under simple con-
strained models or partial models (i.e. by removing the effects of certain factors
whose effects have to be accounted for). Significance was assessed using
1000 permutations of the model residuals at p < 0.05. *p ≤ 0.05, **p ≤ 0.01,

***p ≤ 0.001, ns = not significant (p > 0.05)
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in samples with lower salinity and higher nutrients val-
ues (Fig. 4), and both groups were clearly negatively
influenced by increasing salinity (Fig. S2). Actinobac-
teria and Betaproteobacteria have been shown to dis-
play their highest abundances in a variety of freshwa-
ter environments (Glöckner et al. 1999, Hahn et al.
2005, Warnecke et al. 2005, Alonso et al. 2009), or in
the freshwater parts of transitional environments, like
estuaries (Bouvier & del Giorgio 2002, Kirchman et al.
2005, Zhang et al. 2006), and coastal lagoons (Piccini et
al. 2006). Although there are indications that salinity
might not be the sole factor explaining their distribu-
tion in estuaries (Kirchman et al. 2005), in the present
study none of the other factors analyzed was signifi-
cantly related to their abundance.

The numbers of Gammaproteobacteria appeared
negatively correlated to temperature (Fig. S2 in the
supplement). As temperature is an indicator of dif-
ferent water masses, we speculate that the observed
relationship was an indirect one, actually due to other
not yet identified environmental factors. Strikingly,
gammaproteobacterial abundance exhibited a pro-
nounced peak at Stn S9, dominating the bacterial com-
munity at the water surface (Fig. 4). Previous studies
also reported local peaks in gammaproteobacterial
abundance in estuarine environments (Bouvier & del
Giorgio 2002, Cottrell & Kirchman 2003, Zhang et al.
2006). Such high abundances of Gammaproteobacte-
ria, as found in our marine Stn S9, have been previ-
ously reported for coastal environments like the
Mediterranean Sea (Alonso-Sáez et al. 2007) and the
Lagoon of Venice (Simonato et al. 2010), and also in the
North Atlantic ocean (Schattenhofer et al. 2009). Bou-
vier & del Giorgio (2002) associated local spikes of
gammaproteobacterial abundances at the Choptank
estuary to point sources of nutrients probably derived
from wastewater treatment facilities. In the present
study, this peak in gammaproteobacterial abundance
coincided with a pronounced peak in ammonium con-
centration (Fig. 2D). This co-occurrence might indicate
a high gammaproteobacterial proteolytic activity dur-
ing our sampling time at Stn S9 (Woebken et al. 2007).

Certain bacterial groups were particularly abundant
at the center of the frontal zone (Stn S5) characterized
by peaks in organic matter and chl a, and general
availability of nutrients, indicating that these taxa
would be particularly favored by intermediate salinity
and high productivity. These groups included notably
members of the flavobacterial groups targeted by the
probes POL740, CF6-1267, and VIS1-575, and also the
alphaproteobacterial cells targeted by the probe
ROS537 (Fig. 4).

Especially high abundances of Bacteroidetes at the
turbidity maximum of estuarine systems have been
previously reported (Bouvier & del Giorgio 2002) and

increased cell numbers and sequence retrieval of
Flavobacteria have been related to high values of chl a
and nutrients (Abell & Bowman 2005b, Pommier et al.
2007). Moreover, members of this group have been
repeatedly reported as prone to particle attachment
(DeLong et al. 1993, Crump et al. 1999), and as primary
colonizers of marine phytoplankton detritus (Pinhassi
et al. 2004, Abell & Bowman 2005a). In addition, they
have been frequently found in association to natural
and induced phytoplankton blooms (Simon et al. 1999,
Riemann et al. 2000, O’Sullivan et al. 2004, Fandino et
al. 2005, Grossart et al. 2005). In particular, members of
the 3 flavobacterial groups targeted in the present
study (Polaribacter spp., DE2 cluster, VIS1 cluster)
have been previously observed to be especially abun-
dant in the phycosphere of marine phytoplankton
(Gomez-Pereira et al. 2010). Our findings thus provide
further support for a potential link between these
flavobacterial groups and phytoplankton cells.

The other particularly abundant population in the
frontal zone, the Roseobacter cells, have been fre-
quently found in marine coastal and open waters
(Moran et al. 2003, Pinhassi & Berman 2003, Alonso &
Pernthaler 2006). A number of studies have also found
a positive correlation between Roseobacter abundance
with either chl a (González et al. 2000) or nutrient con-
centrations (Brown et al. 2005), and similar conclusions
have been achieved based on the seasonal abundance
of this group in the Mediterranean Sea (Alonso-Sáez et
al. 2007). Our findings provide further support of a pos-
sible preference of Roseobacter for environmental set-
tings leading to high primary production.

Members of the SAR11 clade constituted the large
majority of Alphaproteobacteria cells, and were highly
abundant at all stations, dominating the bacterial com-
munity throughout the Río de la Plata estuary (Fig. 4).
Typically, this bacterial group has been identified in
several marine coastal and open-ocean waters, where
it frequently contributes to a high extent to the total
bacterial abundance (Morris et al. 2002, Alonso &
Pernthaler 2006, Vila-Costa et al. 2007). Furthermore,
high numbers of SAR11 cells have also been reported
in estuaries (Hewson & Fuhrman 2004, Kirchman et al.
2005). In the present study, the only factor apparently
influencing the abundance of SAR11 cells was the geo-
graphical distance between samples (Fig. S2).

Geographic influence on bacterial diversity patterns

As previously mentioned (see ‘Environmental struc-
turing of bacterioplankton communities’), geography
did have an influence on bacterial diversity at the level
of species/strains (Table 1). Moreover, the analysis of
16S rRNA gene sequences revealed the existence of
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single sequences, or sequence clusters of 99% identity
within several bacterial groups (i.e. Flavobacteria,
Actinobacteria, SAR11, NOR5, SAR86) which were
exclusively recovered from one of the different regions
of the gradient. These results, though exciting, are not
surprising, as our sampling scale (~150 km) is within
the frame identified by Martiny et al. (2006) as suitable
for detecting both environmental and geographical
influence on microbial diversity. Certainly, these find-
ings deserve a specific experimental approach to cor-
roborate or discard a potential geographically based
differentiation among the bacterial inhabitants of this
system.

Which portion of the gradient is more diverse?

Diversity patterns derived from ARISA data showed
the highest richness and number of unique OTUs at
the frontal zone, indicating that this region may con-
tain the highest diversity in this system (Fig. 3A). The
relatively high number of unique OTUs in the frontal
zone subset suggests the existence of a particular bac-
terial assemblage in this area. In addition, most of the
OTUs retrieved from this zone were in fact common to
the riverine and/or marine stations, suggesting that a
substantial portion of the riverine and marine microor-
ganisms would be able to thrive in the frontal zone as
well. Alternatively, this finding could also result from a
mere mixing of the bacterial assemblages, without
implying a real ability of the corresponding bacteria to
live and grow at the frontal zone. Thus, activity mea-
surements linked to bacterial identification are needed
to clarify the extent to which the riverine and marine
microbial populations are active and growing at the
mixing front.

Previous studies in comparable systems have also
found that the communities of the transitional regions
of the gradient often include members of the extremes,
besides a characteristic brackish assemblage (Selje &
Simon 2003, Crump et al. 2004, Riemann et al. 2008).
However, there is currently no agreement on whether
the bacterial communities at the transitional portions of
these gradients are more or less diverse than their
purely freshwater and marine counterparts. Contradic-
tory conclusions have been obtained (Hollibaugh et al.
2000, Troussellier et al. 2002, Hewson & Fuhrman
2004), even for the same system in different seasons
(Crump et al. 2004). Though the stability of any pattern
found for a given system certainly needs to be con-
firmed with several sampling campaigns, our data
strongly support the idea that the highest bacterial
diversities are found at the frontal zone of estuaries.

The different areas of the estuary also differed in the
number of total bacterial cells (Fig. 4). Decline in the

bacterial abundance from the riverine towards the
marine portions have been repeatedly observed for
similar environments (Troussellier et al. 2002, Kirch-
man et al. 2003, Zhang et al. 2006). Interestingly, the
highest bacterial abundance in our system was found
in the frontal zone, in co-occurrence with the highest
concentrations of organic matter and chl a, suggesting
that this portion of the gradient would not only be the
most diverse, but also the most productive from the
bacterial point of view. Further work is needed to eval-
uate this hypothesis, and to establish the contribution
of the different bacterial groups here identified in the
generation of microbial biomass in this system.
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